In 2007, a mass burial featuring 88 male skeletons buried in situ was recovered at Wittstock in Brandenburg (Germany). Based on the archaeological evidence and historical records, the individuals were identified as victims of the 1636 Battle of Wittstock. To determine whether the victims had belonged to the Swedish troops or the German imperial army, 87 Sr/ 86 Sr isotope analysis of the enamel of a first permanent molar was performed, combined with 18 O analysis of the enamel's structural carbonate. While the unusually high level of variability of both isotopic ratios confirmed that the buried soldiers represented a multi-ethnic army, identification of their places of origin was possible for only one-fourth to one-fifth of the individuals, who were determined to have belonged to the Swedish troops. Given the fact that the victims could potentially have originated in any part of Europe, the outcome of this study can be viewed as a success.
Introduction
The Battle of Wittstock (Brandenburg, Germany) took place on October 4, 1636, when the Swedish army (aided by Scottish troops and soldiers from other countries) fought against forces of the Imperial army and the Elector of Saxony. The Imperial forces, with about 22,000 soldiers, outnumbered their Swedish counterparts (ca 16,000 soldiers). The battle must have been a particularly bloody one, since about 6,000 casualties were reported. A mass burial, measuring 4.8 m by 3.5 m, was discovered in a sand pit south of Wittstock in 2007. Anthropological investigation revealed that the pit contained 88 human in situ skeletons, most belonging to males between 20 and 40 years of age, though several juveniles were also present ). The site had been disturbed in modern times; based on the reconstructed size of the pit, a total about 120 to 130 victims were originally buried there (Eickhoff et al., 2009) . The morphological appearance and frequency of unhealed skeletal trauma, including cut marks from sharp-edged weapons and gunshot entrance wounds caused by lead bullets, many of them fatal, quickly led to the conclusion that the skeletons belonged to victims of a battle. In some instances, isolated lead projectiles were also found, either embedded in bone or lying among the skeletons, having once been lodged in long-since-decayed soft tissues. The historical documentation of the battles of the Thirty Years' War ultimately permitted the attribution of the mass burial to the 1636 Battle of Wittstock ). However, no artefacts or remains of uniforms that might have provided evidence as to affiliation with one army or the other were found preserved with the dead. To answer that question, provenance analysis based on stable isotopic ratios of strontium in the enamel of one first permanent molar sampled from each skeleton was attempted. The results were further supported by analysis of stable oxygen isotopes of the structural carbonate of the enamel. While the isotopic ratio for stable strontium provides clues to the geologically defined place in which an individual spent his or her childhood (see Price et al., this volume) , 18 O is related to meteoric water and hence to the ecologically defined place of childhood (Kohn and Cerling, 2002; Rozanski et al., 1992) . 18 O values of meteoric water are strongly affected by latitude (Kelly et al., 2005) : after passing through the cycle of evaporation, condensation and precipitation, groundwater exhibits a systematic geographical isotopic variation. In general, the heavy 18 O isotope is concentrated in the liquid phase. Decreasing temperatures lead to a depletion of the heavy isotope ( 18 O) in precipitation, when water vapour from oceans in equatorial regions moves to higher latitudes and altitudes (Craig, 1961) . Evaporation, condensation and precipitation events are thus responsible for a continuous depletion of 18 O when clouds move inland and gain altitude (Kelly et al., 2005) . Consequently, groundwater reflects this isotopic gradient from coastal to inland areas (Dansgaard, 1964) .
This study differs, though, from the majority of provenance reconstructions performed for archaeological human skeletons. The methods, as such, are well established, and so is the usual procedure of data interpretation: first, the local 87 Sr/ 86 Sr isotopic ratio has to be defined either through soil analyses or, preferably, through the analysis of accompanying bone finds of residential animals (see Price et al. [2002] for a definition of the isotopic ratio of local bioavailable strontium). However, in this case, it was safe to assume that very few of the soldiers were of local origin, though it is possible that some additional combatants were recruited 'on the spot'. The next step would have been the definition of a probable or at least hypothetical place of origin for the nonlocal individuals. However, soldiers involved in the Battle of Wittstock could have come from almost anywhere in Europe (see below). Identification of a place of origin on the basis of stable isotope ratios leads to robust results only if several important prerequisites have been met. These include cases where a hypothetical place of origin can be tested, regional isotopic mapping of bioavailable strontium can be established, the isotopic end members are defined, and conventional mixing diagrams provide better resolution of possible mixed isotopic ratios (Grupe et al., 1999; Bentley, 2006) . In this study, it was not possible to determine either the local 87 Sr/ 86 Sr isotopic ratio that had entered the food chain in the 17 th century or the local 87 Sr/ 86 Sr isotopic ratio of possible places of origin. No animal bones were recovered, and since the armies were constantly on the move and food was most probably both acquired on the spot and carried along with the other provisions, faunal remains would not have been helpful in the analysis. Furthermore, as mentioned above, while some of the soldiers may have been of local origin, and would therefore not have served in the army for longer than a few days or weeks, according to the historical records, the majority of the soldiers were definitely not local to the site. While most of the Swedish troops originated from southern Sweden, the army also included around 1,700 Scotsmen, a number of the soldiers came from today's Finland and approximately 6000 soldiers were described as coming 'from other countries'. The German soldiers had been recruited from almost every corner of Germany (East Frisia, northern and southern Germany, Westfalia, Rheinland, Hesse and Bavaria), and there were Spaniards and Saxons fighting in the Imperial Army as well (Eickhoff, pers. comm.) Under these circumstances, determination of a place of origin for every single individual amongst the 88 skeletons was highly unlikely.
Material and methods
First permanent molars from either the upper or lower jaw were available from only 73 skeletons, somewhat reducing the sample size. Since the enamel of the first permanent molar is precipitated in early childhood, its 87 Sr/ 86 Sr isotopic ratio should be indicative of the geochemistry of the place the individual spent his or her childhood. On the whole, the bones exhibited a poor state of preservation, due to the burial conditions. For that reason, we also measured 18 O in the enamel structural carbonate. We are acutely aware that the stable oxygen isotopic ratio would be obscured to an unknown degree by a weaning signal (see discussion).
Individual numbers, tooth type, and measurement data are listed in Table 1 . For the determination of the 87 Sr/ 86 Sr isotopic ratio in the enamel, all samples were first subjected to mechanical cleaning under running tap water, followed by ultrasonic cleaning in distilled water (10 minutes). After the sample was heated for one hour at 300 o C, a temperature which does not cause isotopic fractionation, which could skew results from the subsequent oxygen isotope analyses, and which does not affect the thermally stable 87 Sr/ 86 Sr isotopic ratio (Harbeck et al., 2011) , tooth enamel was mechanically separated from the dentin.
Before the strontium isotopic analysis was performed, samples were cleaned ultrasonically for 5 minutes in concentrated formic acid, in order to quantitatively remove contaminants from the inner and outer enamel surface (strontium salts are more acid-soluble than calcium salts, Mewis, 2004) . After being heated at 500 o C for 12 hours to remove all organic residues, the samples were homogenized, and 50 mg of each were wet ashed under pressure for 6 hours at 160 o C in 1 mL concentrated HNO 3 . Finally, 9 mL H 2 O was added to provide 10 mL of stock solution. Before mass spectrometry, samples were passed through cation exchange columns (Dowex AG 50Wx8, 200-400 mesh, 2.5 N HCl) to separate Sr from other elements, including interfering 87 Rb. Isotopic ratios were measured with a Finnigan MAT 261 mass spectrometer using the double filament technique. Standards NBS SRM 987 and NBS SRM 1400 served for quality control (mass spectrometry and wet ashing, respectively).
For the measurement of stable oxygen isotopic ratios in the enamel structural carbonate, 100 mg of enamel were incubated into 5 mL 4 % NaOCl until effervescence ceased, which took three full days. The solution was changed daily. NaOCl removes all organic molecules by oxidation (Koch et al., 1997; Balasse 2002) . After being washed with distilled water, the samples were incubated for half a day in 5 mL of 1 M acetic acid -calcium acetate buffer (pH 4.75) and kept in constant, gently rocking motion. The acidic buffer removes all absorbed carbonates (Koch et al., 1997) . Finally, the samples were washed again, lyophylized and kept in a vaccum oven until mass spectrometry. Mass spectrometry was performed using a Gasbench II and Continuous Flow Isotope Gas Mass Spectrometer (CF-IRMS; Thermoquest-Finnigan), where the sample reacts for 1 h with o-phosphoric acid at 72°C, and where resulting CO 2 is transferred, with He as carrier gas, into the mass spectrometer. The values are expressed against the PDB standard. Standards NBS 18 and NBS 19 (International Atomic Energy Agency) served for quality control. Measurement error did not exceed 0.1‰.
GISELA GRUPE ET AL. (Lutz 2010) . Therefore, the individuals from the mass burial could be firmly grouped into four clusters based on the geologically-defined stable strontium isotopic ratios of their place of childhood. Likewise, enamel 18 O values vary considerably, though much more gradually, between -2.5 and -8.0‰ (Fig. 2) . These ratios should be interpreted with caution. As mentioned previously, the enamel of the first permanent molar precipitates during approximately the first three to four years of age, thus preserving the developmental stages of the child when it is still nursing. Mother's milk is enriched with 18 O (up to 2.69‰ [Roberts et al., 1988] ), therefore, carbonate 18 O levels may no longer be directly related to drinking water. Also, the 17 th century falls within the so-called "Little Ice Age", a time associated with considerably lower mean annual temperatures, and for which meteoric water 18 O varies between 0.33‰ and 0.62‰ per degree Celsius (Williams et al., 1998) . Taking these uncertainties into account (indicated by error bars in Fig. 2 [Longinelli, 1984] ). With regard to all these uncertainties, it is clear that 18 O values will not provide more than mere hints with regard to the individual's place of origin. However, gross geographical differences based on latitude (e.g. Sweden and Finland versus Spain) should be maintained. Interestingly, 18 O is weakly related to 87 Sr/ 86 Sr in that higher strontium isotopic ratios are combined with more negative 18 O values (Fig. 3) .
In summary, both 87 Sr/ 86 Sr and 18 O in the tooth enamel of the victims of the Battle of Wittstock confirm that soldiers from one or more multi-ethnic armies were buried in the pit. However, the question remains: where did they come from? Åberg and Wickmann, 1987; Åberg, 1995; Förstel et al., 2008; Land et al., 2000; Andersson et al., 1992 Finland -15.9 -6.6 0.718 0.752 Kortelainen, 2007 Scotland -9 -4 0.7059 0.7207 Montgomery et al., 2006; Bain and Bacon, 1994; NERC, 2009; Evans and Bullman, 2009; Poszwa et al., 2004; Förstel and Henkel, 1982 France -10 -5 0.70338 0. 70393 Chauvel, 1982; Negrel and Deschamps, 1996; Negrel et al., 2000; Darling and Talbot, 2003; Harmon and Hoefs, 1995; Lécolle, 1985 Gillmaier et al., 2009; Price et al., 2003; Stephan, 2009; Darling and Talbot, 2003; Harmon and Hoefs, 1995; Lécolle, 1985 Spain -9.3 -4 0.70795 0.70882 Soler et al., 2002 Cruz-San et al., 1992 0.7136 0.7158 Powell and Bell, 1970 Italy -6.1 -5.9 0.7071 0.7102 Hoefs and Wedepohl, 1968 -11.4 -6.3 Harmon and Hoefs, 1995 
Discussion
To assess the probable place of origin of the fallen soldiers, we gathered published stable strontium and oxygen isotopic data for the regions that came into question (Table 3 , with references). Modern oxygen isotopic values in precipitation were also estimated using the Online Isotopes in Precipitation Calculator (OIPC, www.waterisotopes.org). As depicted in Figure 4 , which summarizes the stable strontium and oxygen isotopic data, the majority of individuals cluster in an area defined by 87 Sr/ 86 Sr ratios between 0.707 and 0.712 and 18 O values between -5 and -9‰. Such a combination of isotopic ratios occurs both in Scotland and Germany, as well as in other regions of the European continent (see Table 3 ). Therefore, it is not possible to determine the place of origin of these individuals. Even taking the uncertainties inherent to the estimated 18 O water values into account, their overall variability points to very different latitudes and ecological settings.
It was possible to identify a probable place of origin for certain individuals. In northwest Scotland, for instance, areas dominated by young rock with a 87 Sr/ 86 Sr isotopic ratio <0.705 are prevalent (Montgomery et al., 2006) and these are combined with rather positive 18 O values (Darling and Talbot, 2003) . This combination fits the isotopic signature of individual Wit 45, who was therefore most probably of Scottish origin. The geology of Scotland is highly variable, but for the most part 87 Sr/ 86 Sr ratios remain Table 3) lower than the respective ratios encountered in Sweden (see Table 3 ). Therefore, individuals Wit 78, 68, 23, 62, 76, and possibly also individuals Wit 71, 64, 33, 20, 6 , and 9, may also have originated in Scotland. The only skeleton where a remarkably positive 87 (Fig. 3) . They, then, probably also had their origins in northern Europe (Scandinavia). Wit 70 also fits the Scandinavian isotopic signatures better than the Scottish or German ones. Due to the characterization of the Baltic countries, especially Lithuania, by young moraines and boulder clay, and an estimated 18 O in meteoric water between -10 and -11‰ using the OIPC, five to six additional individuals indicated in Figure 3 might have their origins in that region. Wit 19 appears as an outlier in Figure 3 due to its negative 18 O. There are several places on the European continent that could account for its stable strontium isotopic ratio; its 18 O values might indicate a mountainous area and higher altitudes. Since there is no way to narrow down the range of possible places of origin of this individual, mixed isotopic ratios are hardly identifiable. In sum, it was possible to determine a probable place of origin for 15 to 20 soldiers out of the total of 73 individuals (20-27 %), representing one-fifth to one-fourth of the total sample. Given the special circumstances of this study though, the outcome is rather successful. Whether or not the victims of the battle were sorted into different mass graves according to their army affiliation when the battlefield was cleared is unknown. If this was the case, then the burials recovered in the sand pit were mostly members of the Swedish army.
Conclusion
This study clearly outlines the potential, but at the same time also the limitations of provenance analyses by stable isotopic ratios in skeletal finds. While combining geologically-defined ratios of this type ( 87 Sr/ 86 Sr) with ratios defined ecologically ( 18 O) generally reduces the redundancies inherent to provenance studies based on a single isotopic system alone, any assessment of place of origin must still remain hypothetical in the absence of grave goods, historical accounts, or other sources which could better specify, or narrow down, the choice of possible places of origin. Since it will hardly ever be the case that isotopic analyses lead to a precise "hit" for a certain area, the formulation of a firm, testable hypothesis is a necessary prerequisite for any such provenance study, to allow inherent redundancies to be reduced or even excluded. Such a hypothesis must exclude migration from one region dominated by a certain soil/ bedrock type to another region characterized by the same soil/bedrock type, because migration of that kind would be difficult to detect on the basis of stable isotopic ratios. Likewise, such a hypothesis must include possible or at least plausible places of origin which can be tested. Other scenarios are plausible: e.g. if migration is accompanied by a change in diet which could be revealed by the analysis of stable isotopes of light elements such as carbon and nitrogen, or if migration occurs in an area where additional isotopic systems may help in eliminating redundancies (e.g. sulfur isotopes: coast/inland migration or vice versa, lead isotopes: mountainous areas).
